the Chinese research cruise DY115-19 discovered an active hydrothermal field at 49°39′E/37°47′S on the ultraslow spreading Southwest Indian Ridge (SWIR). This was also the first active hydrothermal field found along an ultraslow-spreading ridge. We analyzed mineralogical, textural and geochemical compositions of the sulfide chimneys obtained from the 49°39′E field. Chimney samples show a concentric mineral zone around the fluid channel. The mineral assemblages of the interiors consist mainly of chalcopyrite, with pyrite and sphalerite as minor constitunets. In the intermediate portion, pyrite becomes the dominant mineral, with chalcopyrite and sphalerite as minor constitunets. For the outer wall, the majority of minerals are pyrite and sphalerite, with few chalcopyrite. Towards the outer margin of the chimney wall, the mineral grains become small and irregular in shape gradually, while minerals within interstices are abundant. These features are similar to those chimney edifices found on the East Pacific Rise and Mid-Atlantic Ridge. The average contents of Cu, Fe and Zn in our chimney samples were 2.83 wt%, 45.6 wt% and 3.28 wt%, respectively. The average Au and Ag contents were up to 2.0 ppm and 70.2 ppm respectively, higher than the massive sulfides from most hydrothermal fields along mid-ocean ridge. The rare earth elements geochemistry of the sulfide chimneys show a pattern distinctive from the sulfides recovered from typical hydrothermal fields along sedimentstarved mid-ocean ridge, with the enrichment of light rare earth elements but the weak, mostly negative, Eu anomaly. This is attributed to the distinct mineralization environment or fluid compositions in this area. sulfide chimneys, 49°39′E hydrothermal field, Southwest Indian Ridge, mid-ocean ridge, DY115-19 Chinese cruise Citation: Tao C H, Li H M, Huang W, et al. Mineralogical and geochemical features of sulfide chimneys from the 49°39′E hydrothermal field on the Southwest Indian Ridge and their geological inferences.
In 1977 the first hydrothermal black smoker was discovered on the Galapagos Rift by scientists diving in a deep-sea submersible [1] . Since then, more than 170 hydrothermal fields have been found at different tectonic settings, such as the mid-ocean ridges, back-arc basins and intraplate volcanisms. Among them, more than 60% are distributed along mid-ocean ridges (MORs) [2] . By the end of last century, explorations of hydrothermal activities were mainly focused on the regions of the fast to intermediate spreading ridges in the Pacific Ocean and the slow spreading ridges in the Atlantic Ocean, few investigations along the ultraslow-spreading Southwest Indian ridge (SWIR) and the Gakkel Ridge in the Arctic [3] .
The topographic, tectonic features and magmatic activities along mid-ocean ridges are controlled by the spreading rate [4, 5] . The full spreading rate of the SWIR is about 1.3-1.6 cm/a [6] , places SWIR in the category of ultraslowspreading ridges with distinct topographic, tectonic, magmatic and hydrothermal features [7] [8] [9] [10] [11] . In recent years, geological and geophysical investigations on the SWIR have become a hot topic in the field of marine geology. However, reports on the hydrothermal activity are rare. During the Fuji cruise in 1997, hydrothermal plumes were found at six locations in the east of the SWIR. In 1998 relict hydrothermal field "Mt. Jourdanne" was located at 27°51′S/ 63°56′E during the Indoyo cruise. During R/V Knorr cruise 162 in 2000, eight sites with hydrothermal anomalies were discovered in the west of the SWIR [12, 13] , and in the next year, a hydrothermal deposits site in a peridotite-hosted field was discovered between 10° and 16°E [14] . However, active hydrothermal vents were not documented until 2007. During January-May 2007, the Chinese research cruise DY115-19 discovered an active hydrothermal field at 49°39′E/37°47′S in the SWIR. This cruise was supported by the China Ocean Mineral Resources Research and Development Association (COMRA). The venting "black smoke" and biological communities were captured by the ABE (WHOI's autonomous benthic explorer) ( Figure 1 ). Samples of chimneys and basalts as well as hydrothermal faunas were obtained by TVG (television video guided grab). This field is also the first active hydrothermal field found along any ultraslow-spreading ridges, which provides a good opportunity to understand the hydrothermal circulation, mineralization, vent biota and heat/mass contribution there. We presented results of the mineral assemblages and geochemical compositions of sulfide chimney samples obtained in the 49°39′E field.
Geological setting
The SWIR separates the African and Antarctic plates and extends from the east Rodriguez Triple Junction to the west Bouvet Triple Junction over a distance of about 8000 km, representing more than 10% of the total length of global ridges. It has a very slow spreading rate, and at some segments, spreading is oblique with respect to the direction of plate motion. The ridge axis is offset by sets of north-south trending transform faults, and is characterized by deep axial valleys and low magmatic budget [7] . Dick et al. [15] suggested that the SWIR has the characters of both slow and ultraslow-spreading ocean ridges and is an example of a transitional ridge between slow and ultraslow. The crust is around 4 km thick, which is much thinner than the average thickness of the ocean crust (about 7 km [2] ). However, the crustal thickness is not homogeneous at the SWIR. The plagioclase-hosted and olivine-hosted melt inclusions from the sections between 70°E and 49°E on the SWIR indicate the high melting fractions of mantle, shallow ridge axis depth and thick crust [16] . Cannat et al. [17] identified three types of seafloor at the SWIR as volcanic seafloor, smooth seafloor and corrugated seafloor. Among these, smooth terrain appears specific to ultraslow-spreading ridges and the mode of seafloor spreading may be analogous to processes at the ocean-continent transition of continental margins. The rocks exposed on the seafloor are mainly basalts, with some gabbros, pyroxenites and serpentinized peridotites [12] . Sauter et al. [18, 19] and Cannat et al. [20] discussed the melt supply processes based on gravitational, magnetic and petrological data. They found that at the ultraslow-spreading ridges, the melt may migrate horizontally along the axis and mantle upwelling may be focus at some specific sections [18] [19] [20] . Moreover, the ridge spreading and hydrothermal activities may interact with hot spots such as the Marion, Bouvet, Del Cano and Crozet plateau [21, 22] .
The 49°39′E hydrothermal field is located at the west end of the east-west trending segment 28 of the SWIR between Indomed and Gallieni FZ ( Figure 2 ). The axial depth along this segment varies from 1500 m at the southern end to 2800 m at the northern. Crustal thickness is up to 9 km [23] , much thicker than in the vicinity (61°-63°E) where is about 4-5 km [24] . This implies that melt supply is abundant at this segment and magma provides enough heat for the hydrothermal activity. The seafloor surrounding the hydro-thermal field is a dramatic relief, with a great deal of steep slope and lack of sediments. The vent is located at a high mound on the south-east wall of the ridge valley, at a depth of 2755 m. It is the junction point of the ridge valley and a small transform fault with local fissures.
Samples and methods
Two sulfide chimney samples, TVG4-1 and TVG4-2 (Figure 3) , were analyzed. Sample TVG4-1 is a chunk of chimney edifice in irregular shape (about 22 cm in length and 10 cm in average width) with clear channel in the central part. The inner zone is dark gray and dense and the outer zone is porous. Concentric layers surrounding the feeder channel can be clearly observed on the cross or vertical profile. The out surface is covered by brown or black materials as a result of iron-hydroxidation. Sample TVG4-2 is a piece of dark gray sulfide crust with tiny fluid pores on the surface. Its inner part is denser than the outer.
Polished sections were prepared for petrographic examination. 11 subsamples were taken from the inner to outer portion along a profile across the chimney and they were named as 4-1-1 to 4-1-11 ( Figure 3 ). Minerals of these subsamples were identified by Rigaku D/MAX 2400 X-ray diffraction (XRD) at the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing. The major and minor elements were analyzed at the Quality Supervision and Testing Center of Exploration Geochemistry, Ministry of Land and Resources, Langfang, and the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. Ag, Cu, Mo, Ni, Pb, Sb, Zn, U and Rare Earth Elements (REEs) were quantified by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Fe and Al were determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Si and Au were determined by X-ray Fluorescence (XRF) and Flameless Atomic Absorption Spectrometry (AAS), respectively.
Results and discussion

Mineralogy and textures
Early studies suggested that mineral paragenesis and textures are important to identify multiple stages of mineralization and understand the evolution of chimney edifices [25] . Typical models for the growth of sulfide chimneys have been described for several submarine hydrothermal fields. When the hot, acidic and Ca-rich hydrothermal fluids emanating from the vents react with cold SO 4 2− -rich seawater, sulfates, particularly anhydrite are precipitated (as well as sulfides like pyrrhotite, colloid from pyrite and marcasite) in marginal portions of the edifices. The new formed anhydrite walls restrict the seawater mixing with the hot fluid. Then chalcopyrite, pyrite and sphalerite precipitated at higher temperatures (>250°C), often being confined to the central portions of the chimneys [26] [27] [28] [29] . With the growth of the chimneys, the temperature in the outer portion of the edifices decreases. When it is low enough, anhydrite begins to dissolve and the chimneys will collapse.
Mineral composition obtained by XRD and petrographic textures (Figures 4 and 5) show concentric mineral zones around the fluid channel in the samples TVG4-1 and TVG4-2. The interior of the chimney walls consist mainly of chalcopyrite, with a few of pyrite and sphalerite. Towards the intermediate portion, pyrite becomes the dominant mineral, with chalcopyrite and sphalerite becoming minor minerals. For the outer wall, the main sulfides are pyrite and sphalerite, with chalcopyrite as the minor minerals. Towards the outer margin of chimney wall, the mineral grains also become small and irregular in form. In addition, interstices among the minerals become abundant. Sporadically, fine and irregular barite and amorphous silica occur within interstices of the major minerals, such as pyrite and chalcopyrite. According to the chimney-growth model provided by Graham et al. [30] , the mineral assemblages found in sample TVG-4 reflect the high maturity of its source chimney and hydrothermal field.
From microscopic observation of the polished optical sections of sample TVG4-1 ( Figure 5 ), fine grain (usually <0.05 mm) texture was observed, and the grains are crystals 
Geochemistry
Major and minor compositions of the bulk analyses of samples TVG4-1 and TVG4-2 are presented in Table 1 .
Because of the different tectonic settings, base rocks and fluid compositions, the sulfide chimneys recovered from different hydrothermal fields demonstrate different mineralogical and geochemical features. Seven other hydrothermal fields, including the TAG and Logatchev fields on the Mid-Atalntic Ridge (MAR), the 21°N and 7°24′S field on the East Pacific Rise (EPR), the MESO field on the Central Indian Ridge (CIR), the Mt. Jourdanne field on the SWIR and the Jade field in the Okinawa Trough were selected for comparison ( Table 2 ). The chimney samples in this study contain high Fe concentrations (average 45.6 wt%) and generally low Cu and Zn contents (averages 2.83 wt% and 3.28 wt%, respectively), which are similar to the chimneys from other hydrothermal fields and indicating promising resource potential. The noble metals, Au and Ag, average contents are 2.0 ppm and 70.2 ppm, respectively, higher than those found in typical sediment-starved hydrothermal fields along mid-ocean ridges such as the MESO field on the CIR, the 7°24′S field on the EPR, and the TAG field on the MAR. However, they are similar to those found in the Mt. Jourdanne field on the SWIR, and lower than the Jade field in the back-arc basin Okinawa Trough. The high precious metal concentrations of the 49°39′E and the Mt. Jourdanne field on the SWIR may be a characteristic feature of metalliferous sulfide deposits on ultraslow-spreading ridge.
The sample TVG4-1 was selected for a detailed study of the growth process of the chimneys. The elements measured were divided into three groups according to the gradient of elemental contents from the interior to the outer portion. The first group, without an evident gradient, includes Fe, Cr, Ni, Sb, As and Mo. The second group consists of Zn, Pb, Cd, Au, Ag and U with an increasing trend of concentrations moving outwards. The elements Cu and Co with high contents in the interior and low on the outer surface were the third group ( Figure 6) .
The positive correlation between Cr, Ni and Fe (r = 0.87 and 0.80; n = 11) indicates that Cr and Ni occur in the pyrite crystals or other minerals associated with pyrite. The all values of correlation coefficients for Sb, As, Mo with Fe or Cu were all lower than 0.3, which indicates that these elements may disperse in the sulfide samples. Si has a significant negative correlation with Fe (r = −0.95; n = 11). There are significant positive correlations among Zn, Pb, Cd, Au and Ag. These elements generally enrich in the outer portions of the chimney wall because their source minerals, such as sphalerite and galena, often precipitate at relatively [13] . U is also rich in the outer margin section (up to 1.1 ppm). Because the content of U in the seawater (about 3.3 ppm), is much higher than that of hydrothermal fluid, the element U in the outer margin of chimney wall may mainly come from the seawater. The interior portions of chimneys are characterized by high Cu concentrations because they mainly consist of chalcopyrite, a mineral phase precipitating under higher temperature conditions. The correlation coefficients for Co with Cu is 0.24 (n = 11). According to Hekinian and Fouquet, a partial enrichment in Co can be attributed to late-stage leaching of Fe from Co-bearing pyrite, thus relatively concentrating residual Co [31] . The enrichment of Co in the interior of our chimney samples may be caused by similar processes, but not by precipitation of chalcopyrite.
REEs
The REE geochemistry of metalliferous sulfides is generally considered as an indicator for the source and evolution processes of hydrothermal fluids. The REE concentrations and corresponding parameters for 16 subsamples from chimney samples TVG4-1 and TVG4-2 are presented in Table 3 . There are some similarities between the REE geochemistry of samples TVG4-1 and TVG4-2. The REE concentrations (ΣREE) are low in both samples, varying between 0.2 and 3.66 ppm. ΣREE generally increase in profiles across the chimney wall from the dense interior portions to the loose outer ones, reflecting the different mixing proportions of the hydrothermal fluid with seawater [32] . The ratios of light rare earth elements (LREEs) to heavy rare earth elements (HREEs) vary between 1.29 and 6.46, showing the enrichment of LREEs. The chondrite-normalized patterns also show LREEs enrichment (Figure 7) , with the variable (La/Yb) N 3.17 and 24.80. (La/Sm) N and (Gd/Yb) N vary between 2.03 and 7.04 and between 0.54 and 2.31, respectively, indicating the higher degree fractionation among the LREEs than among the HREEs. The pattern of LREEs enrichment with significant positive Eu anomalies is common for the hydrothermal fluids from the vent fields hosted on a basaltic or ultramafic rock substratum along MORs [33] [34] [35] . REEs in the sulfides mainly come from the fluids and thus inherit the patterns of the fluids. The sulfide samples show similar LREEs enrichment patterns, but with weakly negative anomalies for most samples (δEu: 0.56-1.40), which is different from the typical pattern found on the sediment-starved ridge. At present, our knowledge about the hydrothermal activities on the ultraslow-spreading ridges is still very poor and fluid samples were not available in the study area. In this article we have suggested some possible processes to interpret the REEs pattern found in the sulfides of the study area, based on the limited information.
Firstly, if the REE compositions of the hydrothermal fluid at the 49°39′E field is similar to those of typical venting fluids with the pattern of LREEs enrichment and a positive Eu anomaly, depositional environment and processes should be the main factors to control the pattern of sulfides. Except for Eu and Ce, other REEs usually occur as trivalent cations. Eu mainly occurs as a divalent cation under the conditions of high temperatures (>250°C), high pressure and low oxidation state. However, under lower temperature conditions, it can occur as both divalent and trivalent cations. Therefore, under the high temperature conditions in the hydrothermal fluids, the larger ion radius of Eu 2+ (1.09) compared with Eu 3+ (0.95) and the other trivalent REEs will restrict its entry into the precipitating sulfide crystals. This results in the negative Eu anomalies in the REE pattern. Evidences for this can often be found in the regular variations in Eu anomalies in the sulfides precipitated at different growth stages of chimneys under different temperature, Eh and pH conditions. For our samples TVG4-1 and TVG4-2, Eu anomalies varied irregularly along the profile across the chimney wall ( Figure 8) . Therefore, the influence of precipitation processes on the REE pattern of our sulfide samples may be limited and needs to be studied in detail in the future. Secondly, the negative Eu anomalies of sulfides might be the results of complexity in hydrothermal fluids and waterrock interaction processes occurred in SWIR 49°39′E field. For example, due to the geological setting of the ultraslowspreading ridge and mixed host rocks (basalt and ultramafic rock). Moreover, the REE patterns for hydrothermal fluids are not only dependent on the water-rock interaction, but also on the compositions and tectonic setting of the fluids. At the Pacmanus field in the Manus basin, the REE patterns of anhydrites are varied often with a weak or negative Eu anomaly [36] , similar to the sulfides in our study area. According to Bach et al. [37] , at the Pacmanus field, the main REE complexing ligands are F − and Cl − in the more oxidative fluid because of the addition of gases like HF and SO 2 degassed from the mantle. This is different from the typical fields along MORs such as the TAG on the MAR, where REEs generally complex with Cl − and OH − . The distinct REE patterns for anhydrite can be attributed to the different complexation behavior, which is sensitive to conditions such as temperature, pressure, pH and Eh. The characteristic positive Eu anomaly for the most hydrothermal fluids should be attributed to the intense complexation of Eu 2+ with Cl − at high temperatures. At lower temperatures, the similar complexation behavior of Eu with other REEs results in a flat pattern with the weak Eu anomalies for this study [36] . Due to lacking of data about the temperature of fluids or sulfide precipitating in this study area, we assume that similar model could be applied in our study area. However, more efforts are needed to find evidence for the influence of the temperature on the REE composition of sulfides in the field.
Conclusions
The spreading rate is known to influence the location, extent and features of sulfide deposits on MORs. This paper reported our study on the first sulfide chimney samples obtained from the SWIR 49°39′E field, which is the first one found on the ultraslow-spreading ridge. The main results of our studies on mineral and geochemical compositions of sulfides are presented as follows.
(1) The sulfide chimneys in the SWIR 49°39′E field consist mainly of pyrite and chalcopyrite and are characterized by very high metal content. Average Cu and Fe contents are 2.83% and 45.6% respectively. Concentrations of Au and Ag in the studied samples are about 2.0 ppm and 70.2 ppm respectively, higher than those find in other well known hydrothermal fields along the mid-ocean ridges.
(2) The studied chimneys show a concentric mineral zoning around the axial channel. The interior consist mainly of chalcopyrite, with pyrite and sphalerite as minor minerals. In the intermediate portion, pyrite becomes the dominant mineral, with chalcopyrite and sphalerite as minor constituents. For the outer wall, the main sulfides are pyrite and sphalerite, with chalcopyriteas minor constituent. From the inner to the outer, the mineral grains become smaller, their crystal forms become imperfect and interstices among minerals become abundant. These features are similar to those chimney edifices found from EPR and MAR.
(3) The REE geochemistry is characterized by LREEenrichment and a weak, mostly negative, Eu anomaly. This is different from the sulfide recovered from typical fields along sediment-starved MORs. This might attribute to the distinct mineralization environment and fluid compositions in this area.
